Abstract-Dissolved Gas Analysis (DGA) is one of the common approaches that can be used to detect incipient faults in transformers. According to IEEE C57/104-2008 and IEC 60599 standards, there are many DGA techniques that can be used to interpret the type of faults. In this paper, an alternative method to diagnose faults in transformers based on Rough Set (RS) and Fuzzy Logic (FL) is proposed. The rules for the FL are generated from the attributes of RS. Based on this method, it was found that the efficiency of the fault interpretation based on RS/FL is improved compared to the conventional methods in standards.
I. INTRODUCTION
Various electrical and thermal stresses on transformers could release different types of gases such as carbon monoxide (CO), carbon dioxide (CO 2 ), hydrogen (H 2 ), methane (CH 4 ), ethylene (C 2 H 4 ), ethane (C 2 H 6 ) and acetylene (C 2 H 2 ). One of the approaches to analyze these gases is through Dissolved Gas Analysis (DGA) of which different types of faults such as arcing, low/high energy discharges and overheating can be determined [1] .
According to IEEE C57/104-2008 and IEC 60599 standards, there are several DGA methods that can be used to determine the types of faults such as Key Gas (KG), Dornenberg Ratio (DR), Rogers Ratio (RR), IEC Ratio (IR) and Duval Triangle (DT). The interpretations of faults according to these methods are mainly based on specific ratios and concentration of gases proposed by these standards. Normally, the method chosen to determine the types of faults depends on the specific requirement of the utilities [1, 2] .
Apart from the standard methods, there are several attempts to apply Artificial Intelligence (AI) for detection the types of incipient faults in transformers [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In several studies, Fuzzy Logic (FL) was applied as an alternative method to determine faults in transformers where the rules and inputs were specified according to existing IEEE C57/104-2008 and IEC 60599 standards [1, 5, 10] . The other common AI methods implemented for faults interpretation is Artificial Neural Network (ANN) [3, [6] [7] [8] [9] 11] . Compared to FL, ANN requires the data to be trained in order to obtain the optimized decisions for fault interpretation. There were also several studies been carried out to combine both FL and ANN for DGA application [4, 12] . In general, most of these studies showed that AI methods could improve the interpretation of the faults in transformers.
This paper presents an alternative method to interpret faults in transformers based on Rough Set (RS) and Fuzzy Logic (FL) methods. Data obtained from standards, previous technical papers/reports were first trained in RS and implemented in FL. A comparison is carried out with the conventional methods in the IEEE C57/104-2008 and IEC 60599 standards.
II. METHODOLOGY
The RS method is normally applied to solve imprecision and uncertainty of data. There are 2 advantages of this method where it does not require any additional information about the data such as the probability distributions and it is able to handle conflicting records [4, 13] . In RS method, the minimal attributes set known as reducts and a series of rules based on the data are determined. The reduct can be defined as a subset of attributes which characterizes the information in the system. Many subsets of attributes may have the equivalent-class structure express in the system [16] .
On the other hand, the core can be defined as the mutual elements for all the reducts and its attributes cannot be eliminated from the information without affecting on the system structure [15] . Reduction is the most important process in the RS where it removes the redundant information and creates a simplify decision table which will not affect the original information [13, 14] .
In this study, the attributes of the system are the 3 gas ratios (CH 4 /H 2 , C 2 H 2 /C 2 H 4 and C 2 H 4 /C 2 H 6 ). These ratios were determined according to IEC 60599 which made the information system table. The procedure for DGA based on RS and FL can be seen in Fig. 1 . In this study, the RS and FL analyses were carried on the ROSETTA and MATLAB platforms respectively [17] .
A. Data Preparation
In total, 237 data were obtained from various sources such as standards, technical magazines and research papers [5-7, 9-12, 18-21] . Next the ratios of the gases data are determined and classified according to the faults codes given in Table I [2] . In this paper, the code of F1, F2, F3, F4 and F5 will be used to indicate the types of faults based on the given DGA data. 
B. Data Training
Once the ratios and the classification of faults were identified, these data were trained according to the RS algorithm. Among the requirement of the data used in this study was the information regarding inspection faults identified by experienced and expert engineers from respective utilities were given. In total, 237 data were trained in this stage.
C. Discretization (Boolean reasoning)
In this stage, discretization of the ratios of gases was carried out according to Boolean reasoning method which can be seen in Table II [19] . The concept of Boolean reasoning is based on construction for a given problem, P of a corresponding Boolean function, f. All ratios were normalized in range between 0-20 and for each ratios, the discretization range was obtained. For 
D. Reducts and core
The reduction technique in this study is based on Genetic Algorithm (GA) which is embedded in the ROSETTA platform. The main purpose of use GA is to reduce the number of attributes [22] . To summarize GA function in brief, it starts with population initialization from the discernibility function. Next, the original population known as attributes is encoded into appropriate format called chromosomes. Each one of the chromosomes consists of binary value known as genes instead of original value. Fitness function evaluates the population and generates new solutions based on the highest fitness [21] . Next, GA follows the steps/operators to find high fitness individual. These steps are selection operator based on Roulette Wheel selection method, crossover operator based on single-point crossover, and mutation operator based on Bit Inversion. The optimization process is repeated until the desired level of fitness or specified generation number is reached [21] . Once the training data undergone reduction process, the number of attributes is reduced in the reduction process. As a result, rules can be extracted which can be implemented on the FL. In summary, the steps for computing reducts and core for the training data are as follow [15] :
1) Obtaining the discernibility matrix, matrix
The purpose of matrix D is to find the core and reduct from the decision table. The matrix D has dimensions n x n; where n represents the object set number. This set definition is a set of all attributes known as discern elementary set [x] i and [x] j .
2) The discernibility function f(A)
A discernibility function f(A) is constructed from matrix . Principally, this function is constructed from discerns elementary sets of the attributes and known as a Boolean function. For example, if one of the matrix elements is (d12 = a1,a2,a3) the Boolean function will attains in the form of (a1 V a2 V a3). If the set is empty, it will assign the matrix D element as 1. To link the entire element in one single discernibility Boolean function, "^ " will be used. Absorption law is applied to find the final form of discernibility function, f(A).
3) Finding D-reducts/ D-core of attributes.
After obtaining discernibility function, f(A), the next step is to find the reduct and core. A few reducts might be obtained which can be used to represent the information system according to several approaches.
4) Computing the new decision table.
The final step is to compute the new decision table based on reducts. The attribute of the original decision table can be successfully reduced without any implication on the original idea of the information system.
E. Implementation of fuzzy logic
In this study, the Membership Function (MF) and rules were obtained from the output of RS. In total, 164 rules with specific weight ratios had been extracted. The high number of FL rules had been reduced to 164 through the RS to represent all the system. The generated rules and discretization data was apply in FL in order to determine the types of faults. The inference system features can be seen in Table III . Table IV . It is clear that the most of faults interpreted by the RS/FL method match with the inspection observation. For F2 and F4, the RS/FL method has an accuracy of 100%. Overall, the accuracies of the RS/FL method are between 88% and 100% for different types of faults.
In order to check the overall accuracy of the testing method for all types of faults, a simple calculation is carried out by dividing the total number of correct interpretation with the total number of samples (237 samples). The percentage of accuracy for all methods can be seen in Fig. 2 . The accuracy of KG, DB and RR methods are between 44% and 56% while for IEC, it is 49%. The accuracy of DT is 62% and the RS/FL method has the highest percentage of accuracy with value of 94%. Further improvement can be carried out on the RS/FL method by obtaining more data from different networks operating under different operating conditions. In this study, an RS based FL approach is developed to interpret the faults in transformers. It was found that the RS/FL method could improve the accuracy of the fault interpretation as compared with the methods available in the IEEE C57/104-2008 and IEC 60599 standards. Based on the study, it was found that the accuracy could be as high as 94%. Further study is currently been carried out to test other transformers inservice.
